A chemical isotopic analysis of the actinides and fission products of a high-burnup PWR-UO 2 fuel with an average burnup of 60.2 MWd/kgHM was carried out to accumulate extensive nuclide composition data. Furthermore, computational analysis was performed using the integrated burnup calculation code SWAT. The differences between the amounts obtained by the chemical isotopic analysis and SWAT calculation using JENDL-3.2, JENDL-3.3, ENDF/B-VI.5, ENDF/B-VI.8, JEF-2.2 and JEFF-3.0 were evaluated as the ratios of the calculated values to the experimental values (C/E ratios). For actinides, the calculated 244 Cm amount, which is an important nuclide as a major neutron source in spent fuels, was underestimated. The main sensitive path for 244 Cm was therefore investigated by a simple depletion calculation for actinides and the cause of the underestimation of the calculated 244 Cm amount is discussed. Nd, for which the C/E ratios were larger than 1.05 or smaller than 0.95, were investigated to improve their C/E ratios by a simple depletion calculation with simplified burnup chains and sensitivity coefficients, and the correction values for the fission yields or capture cross sections were estimated. The effect of power history on nuclide composition was also investigated. Additionally, the fission products for which the C/E ratios strongly depend on the type of library are discussed using sensitivity coefficients.
I. Introduction
In the shielding and criticality safety analysis of spent fuel storage facilities, safety evaluation is performed by introducing a safety margin that takes into account such uncertainty in radiation source intensity and its energy distribution from spent fuels, and the reactivity of unirradiated fuel. Radiation source intensity and energy distribution depend on the nuclide composition of spent fuels. Therefore, the verification of and improvement in the accuracy of calculating the nuclide composition in spent fuels are necessary and will lead to a reasonable design as well as to improved shielding and criticality safety analysis of spent fuel storage facilities; they may also contribute to the introduction of burnup credit. This is of particular importance for high-burnup UO 2 spent fuels.
Regarding the experimental determination of nuclide composition, the spent fuel isotopic composition database (SFCOMPO) 1) published by the Nuclear Energy Agency (NEA) includes actinides such as uranium and plutonium isotopes, and some fission products such as cesium and neodymium isotopes in pressurized water reactor (PWR) and boiling water reactor (BWR) spent fuels (UO 2 and UO 2 -Gd 2 O 3 ). In the SFCOMPO, the nuclide compositions of Japanese commercial PWR and BWR spent fuels are compiled but their burnups are rather low ($47 MWd/kgHM). In addition, a comparison of the experimental nuclide composition with the calculated one for Japanese commercial spent fuels has been performed using the ratios of the calculated values to the experimental values (C/E ratios). 2, 3) Other evaluations of nuclide compositions have been reported in Refs. 4) and 5) , in which the trend of the C/E ratios is discussed for UO 2 spent fuels with a burnup range of 30 to 55 MWd/kgHM; however, the experimental nuclide compositions of such fuels have not yet been published.
For source intensity, it has been reported that the calculated neutron intensity emitted by spent fuels is 20-45% lower than the experimental one; 6) this underestimation mainly resulted from the low calculation accuracy of 244 Cm that is a major neutron source in spent fuels.
Thus, at present, the experimental nuclide composition data and its evaluation, and discussion for improving the calculation accuracy for the nuclide composition of high-burnup UO 2 spent fuel remain insufficient.
In this study, a chemical isotopic analysis of a high-burnup PWR-UO 2 spent fuel with a burnup range of 53 to 65 MWd/kgHM is carried out to accumulate extensive nuclide composition data for actinides and fission products. Furthermore, computational analysis is carried out using the integrated burnup calculation code system SWAT. 7) The libraries used in this study are JENDL-3.2, 8) JENDL-3.3, 9) ENDF/B-VI.5 (release 6.5), ENDF/B-VI.8 (release 6.8), 10) JEF-2.2 11) and JEFF-3.0, 12) which are generally used in various neutronics codes and adapted for use with SWAT. The differences between the amounts of actinides and fission products obtained by chemical isotopic analysis and calculated by SWAT are evaluated as the C/E ratios.
In actinide isotopes, the 244 Cm amount, which directly affects neutron emission by spent fuels after cooling, is investigated on the basis of the C/E ratio using a simple depletion calculation.
For the fission products that are important gamma and decay heat sources, neutron absorbers or burnup indicators and whose C/E ratios are larger than 1.05 or smaller than 0.95, sensitivity analysis is carried out to determine the fission products that strongly influence the production of the concerned fission products and to estimate the correction values for the fission yields or capture cross sections.
The effect of power history on nuclide composition is also investigated. In addition, the fission products for which the C/E ratios strongly depend on the type of library are discussed using sensitivity coefficients.
II. Materials and Methods

Specifications of Spent Fuels and Chemical Analysis
The high-burnup PWR-UO 2 spent fuel rod used in this study (3.8% 235 U, 60.2 MWd/kgHM declared average burnup) was loaded in a 15 Â 15 fuel assembly and irradiated for five cycles in a European commercial nuclear power reactor. Its average power histories and burnups achieved in all cycles are given in Table 1 .
A chemical isotopic analysis of samples A, B, C and D, extracted at four different axial positions of the high-burnup PWR-UO 2 fuel, was carried out. The isotopic composition of sample A has been reported. 13) In the present study, further analysis of samples B, C and D was performed at the Institute for Transuranium Elements (ITU) in Karlsruhe, Germany. In the chemical isotopic analysis, the total dissolution of the samples was performed in nitric acid/hydrogen fluoride solution using an autoclave. Hence, even insoluble isotopes such as ruthenium completely dissolved in the solution.
Each solution from samples B, C and D was analyzed using the following mass-and energy-based spectrometry techniques: thermal ionization mass spectrometry (TIMS), inductively coupled plasma mass spectrometry (ICP-MS), ICP-MS coupled to an ion chromatography column (IC-ICP-MS), and alpha and gamma spectrometry. Table 2 shows the measurement accuracy for the nuclide determination. These values include the uncertainty in the sample preparation procedure and also in the analytical chemical technique. The elapsed times from the fuel discharge to the chemical isotopic analysis for all the samples are shown in Table 3 .
Computations and Modeling
The nuclide composition of actinides and fission products was computed using the SWAT code, which is an integrated burn-up code developed at the Japan Atomic Energy Research Institute (JAERI). The code contains and combines the general purpose neutronics code SRAC 14) and ORIGEN2. 15) A number of infinite dilution cross sections are prepared in SWAT and can be replaced with the effective cross sections calculated using SRAC. In this study, the neutron spectrum and the effective cross sections were calculated using the ultrafine resonance absorption calculation (PEACO) routine in SRAC, and the effective cross sections for all of the nuclides, which were used to evaluate their C/E ratios were calculated using PEACO. The libraries JENDL-3.2, JENDL-3.3, ENDF/B-VI.5, ENDF/B-VI.8, JEF-2.2 and JEFF-3.0, and the fission yields of JNDC-V2 16) were used in the SWAT calculation.
In a PWR-UO 2 fuel assembly, the homogeneities of the types of fuel and moderator density are better than those in a BWR-UO 2 fuel assembly. Thus, a square cell model was applied, considering an equivalent volume ratio of fuel to moderator with the whole fuel assembly. The geometry used in the calculations is shown in Fig. 1 . It is composed of three regions: fuel pellet, cladding and moderator. The temperatures of the fuel and cladding were 900 and 600 K, respectively, and they are typical temperatures of LWR fuels. The moderator temperatures for samples A, B, C and D were 591, 568, 596 and 577 K, respectively, and they were calculated by considering the axial power density distribution. The constant boric acid concentration (500 ppm) was used in the calculations.
The uncertainties due to the modeling of the moderator region in the square cell model, temperatures, boron concentration and depletion calculations were estimated and the uncertainty in the calculated results was less than 4%. In SWAT, the neutron flux depending on the depletion is calculated using the SRAC code, which has been verified and is generally used in Japan, and the burnup calculation is carried out using the ORIGEN2 code in which the matrix exponential method is applied. Thus, in the comparison of SWAT with MVP-BURN, which is a continuous-energy Monte Carlo burnup calculation code, the difference in their calculated result is less than 2%.
2)
III. Results and Discussion
Nuclide Compositions of Actinides and Fission Products Determined Experimentally
The local burnup was deduced on the basis of both the amounts of the total heavy metals such as uranium and plutonium isotopes, and the amount of 148 Nd determined by the chemical isotopic analysis. 
Comparison of Experimental and Computational
Compositions The C/E ratios of the amounts calculated using SWAT to the experimental amounts for actinides and fission products are shown in Figs. 2 and 3 , respectively. The C/E ratios in the figures are the average of those of samples A, B, C and D for each nuclide. The trend of the C/E ratio for each nuclide was similar among the samples. Thus, the average C/E ratios show the average trend of the calculated amount of each nuclide and were used to investigate the calculated amount of nuclides in the high-burnup UO 2 fuel.
(1) C/E Ratios for Actinides
In Fig. 2(a) , the calculated 234 U amount is 17-21% larger than the experimental one. The initial 234 U amount in fresh fuel strongly depends on the enrichment process for 235 U. In this calculation, the overestimation of 234 U is most likely caused by the assumed initial amount.
There was scattering in the C/E ratios for 237 Np, 242m Am and 242 Cm among the samples. In particular, the 242m Am and 242 Cm concentrations in the samples are low ( Hence, more isotopic analysis data for these nuclides in high-burnup UO 2 fuels are necessary for a detailed discussion of their calculation accuracy. The C/E ratio for 241 Am is overestimated (about 15-18%), whereas that for 243 Am is underestimated (about 9%). The C/E ratios for 245 Cm depend on the libraries but are generally underestimated. The C/E ratios for 246 Cm are also underestimated. These trends are similar to those in other evaluations.
2,3)
The neutron intensity, particularly in high-burnup UO 2 spent fuels, is important for the shielding of spent fuel storage facilities. However, the calculated neutron intensity emitted by spent fuels was lower than the experimental one.
6) Curium-244 is the major neutron emission source in spent fuels after a 3$4-year cooling time, and its major production path in this high-burnup UO 2 In Fig. 2 , the C/E ratios for 239-241 Pu are overestimated by 5 to 14% and those for the nuclides from 239 Pu to 243 Am decrease along this production path; consequently, the C/E ratio for 244 Cm calculated with any library is underestimated by 10 to 20%. This trend of C/E ratios is similar to that in the rather low-burnup UO 2 fuels. 2, 3) Hence, further discussion of 244 Cm production is carried out using the sensitivity coefficients in Section 4. (2) C/E Ratios for Fission Products
In Fig. 3 , the C/E ratios for Sr isotopes, 89 Y and 144 Ce are underestimated. On the other hand, the C/E ratio for 106 Ru is overestimated by about 9%. For cesium isotopes, the C/E ratios for 133 Cs and 135 Cs are underestimated by about 9%, whereas the calculated amounts of 134 Cs and 137 Cs are in good agreement with the experimental ones. For neodymium isotopes, generally, their calculated amounts are in good agreement with the experimental ones, except for 142-144 Nd. The C/E ratio for 151 Sm is overestimated by 6 to 13% and that for 147 Pm, which is the precursor of samarium isotopes, is also overestimated by about 20%. For gad- olinium isotopes, generally, their C/E ratios are underestimated. The C/E ratios for the fission products shown in Table 6 are not so good, namely, they are greater than 1.05 or less than 0.95 and their calculation accuracy is rather low, although such fission products are important gamma and decay heat sources, neutron absorbers, burnup indicators or are produced in relatively large amounts in spent fuels. Further investigation of the fission products given in Table 6 is therefore carried out using the simplified burnup chains in Section 5.
For 154 Eu, 155 Eu, 154 Gd and 155 Gd, their C/E ratios strongly depend on the type of library. Hence, the dependence of the C/E ratios for these fission products on the type of library is discussed in Section 7.
Simple Depletion Calculations of Actinides and Fission Products
In the SWAT code, a large number of nuclides can be treated in their burnup calculation. Hence, it is not convenient to focus on particular production paths. For this reason, a simple depletion calculation for actinides and fission products was developed, and production paths that have large sensitivities for concerned nuclides were investigated.
For actinides, the decay and production shown in Fig. 4 were simplified (Eq. (1)), and the investigation was focused on the 244 Cm production path. For fission products, simplified burnup chains, in which the fission yields for short-lived fission product nuclides can be treated as cumulative fission yields, were developed (Eq. (2)) to investigate the production of nuclides shown in Table 6 . . Actinides Fig. 3 Measured and calculated amounts of fission products as C/E ratio The C/E ratios are normalized by the residual 238 U amount.
. Fission products
where N i ðtÞ: number density of nuclide i at time = t N i0 : number density of nuclide i at time = 0 ' ;il : one-group microscopic capture cross section of nuclide i to l ' f ;i : one-group microscopic fission cross section of nuclide i ! id : decay constant of nuclide i to d by À decay, decay or isomeric transition 0: one-group neutron flux i AE f ;i : sum of production from fission reaction of 235 U, 238 U, 239 Pu and 241 Pu to nuclide i ( i AE f ;i = i;U235 ' f ;U235 N U235 + i;U238 ' f ;U238 N U238 + i;Pu239 ' f ;Pu239 N Pu239 + i;Pu241 ' f ;Pu241 N Pu241 ) i; j : fission yield of nuclide j to i. m, n: numbers of nuclides contributing to decay and capture reaction, respectively.
In Eqs. (1) and (2), one-group microscopic cross sections and neutron flux depending on burnup were previously calculated using SWAT with JENDL-3.3. The number densities N U235 , N U238 , N Pu239 and N Pu241 in the term i AE f ;i of Eq. (2) were also previously calculated using SWAT. The fission yields i; j were taken from the JNDC-V2 library. In this study, four simplified burnup chains that contain the fission products given in Table 6 were investigated as shown in Fig. 5 .
The results of the comparison of nuclide compositions between the simple depletion and SWAT calculations are shown in Table 7 . In the production path for 244 Cm, the amounts of uranium, plutonium isotopes and 243 Am obtained by the two calculations agree within 4%. The 244 Cm amounts agreed within 8%. For fission products that are discussed in the following sections, the two calculations agree within about 3%. Hence, the sensitivity analysis and the correction for the fission yield or capture cross section were carried out using these simple depletion calculations.
Sensitivity Analysis
A sensitivity analysis was carried out to determine the nuclide that mainly affects the amounts of concerned actinide and fission product using Eqs. (3) and (4) 17) as follows:
where S '; j;Ni : sensitivity coefficient of fission or capture cross section of nuclide j to i S j;k;Ni : sensitivity coefficient of fission yield of nuclide j generated by fission reaction of nuclide k to i ' ; j : one-group capture cross section ' ; jl or fission cross section ' f ; j of nuclide j N i : number density of nuclide i j;k : fission yield of nuclide k to j.
In Eqs. (3) and (4), ÁN i was calculated using Eq. (1) or (2) in which the number density of nuclide i was calculated with a change by 10% in the capture (Á' ; jl ) and fission cross sections (Á' f ; j ) of the actinide, and in the capture cross section (Á' ; jl ) and fission yield (Á j;k ) of the fission product. For actinides, the sensitivity coefficients of all fission and capture cross sections, which are sensitive to 244 Cm, are shown in Table 8 . The decay of actinides during annual inspection was considered in estimating the sensitivity coefficients. For fission products, the sensitivity coefficients of all the fission yields and capture cross sections, which are sensitive to fission products in relation to discussions in the following sections, are shown in Tables 9 and 10 , respectively. The main results obtained from the sensitivity analysis are described as follows.
(1) Production of 244 Cm In Table 8 In Fig. 2 , the calculated amounts of 240 Pu and 241 Pu were overestimated by 5$7%. In addition, the sensitivity coefficients of their capture cross sections for the 244 Cm amount are also large as shown in Table 8 . Therefore, for example, the following three cases in which the capture cross sections of not only 243 Am but also plutonium isotopes were adjusted were investigated to improve the calculated 244 Cm amount, taking account of the sensitivity coefficients for 244 Cm and the trend of the In the three cases calculated using Eq. (1), the 244 Cm amount was increased by 9.2, 13.6 and 15.8% (Table 11) , respectively, by adjusting the capture cross sections for 243 Am and plutonium isotopes; consequently, the C/E ratio for 244 Cm calculated with JENDL-3.3 improved from 0.83 to 0.88, 0.92 and 0.94, respectively. From the results, although the reevaluation of the cross sections is necessary (e) Chain 4 (cont.) 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 144 Ce 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 143 Pr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 143 Nd 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 144 Nd 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0. Ce 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 144 Ce 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 143 Pr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 143 Nd À0:50 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 144 Nd 0.24 À0:01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0. 155 Gd is the latter one.
Correction of Fission Yield or Capture Cross Section based on Sensitivity Analysis
To improve the calculation accuracy, the fission yield or capture cross section of the fission product that strongly affects the nuclide shown in Table 6 was corrected by making the C/E ratio for the concerned fission product equal to unity using Eq. (3) or (4) . Namely, the correction value for the fission yield or capture cross section was defined using Eq. (5), and estimated with the C/E ratios shown in Fig. 3 and the sensitivity coefficients shown in Tables 9 and 10 . Additionally, the recalculation using Eq. (2) with the correction value was performed to estimate the C/E ratio for the concerned nuclide.
where R 0; j : corrected fission yield or capture cross section of nuclide j R j : fission yield j;k or capture cross section ' ; jl of nuclide j before correction S j;i : sensitivity coefficient S '; j;Ni or S j;k;Ni ðC=EÞ i : C/E ratio for nuclide i before correction.
In the following, the correction value and C/E ratio for each nuclide were discussed. Here the S's in parentheses are the sum of the sensitivity coefficients for the fission yields of 235 U, 238 U, 239 Pu and 241 Pu in Table 9 or the sensitivity coefficient for the capture cross section in Table 10 . (1 Sr, respectively); they are not sensitive to the fission yields or capture cross sections of the other fission products in chain 1. This indicates that the underestimation of the amounts of these two fission products results from the underestimation of their own fission yields. Thus, a correction was performed on the fission yield of both fission products. The correction value of +11% for the 88 Sr fission yield was estimated using Eq. (5); consequently, the C/E ratio for 88 Sr improved from 0.90 to 1.00 (Table 12) .
Similarly, for 90 Sr, the correction value of its own fission yield was +30% and its C/E ratio obtained by recalculation improved from 0.77 to 1.00 ( mainly generated through the À decay of 89 Sr. Therefore, this indicates that the underestimation of the calculated 89 Y amount results from the underestimation of the 89 Sr fission yield. The correction value for the fission yield of 89 Sr was +15%; consequently, the C/E ratio for 89 Y improved from 0.87 to 1.00 with the correction (Table 14) . (3) 106 Ru The C/E ratio for 106 Ru is 1.09. The 106 Ru amount is sensitive only to 106 Ru's own fission yield (S ¼ 1:00). Therefore, the overestimation of the calculated 106 Ru amount results from the overestimation of its own fission yield. The C/E ratio for 106 Ru improved from 1.09 to 1.00 (Table 15 ) by using the correction value of À8% for its own fission yield. (4) 133 Cs The C/E ratio for underestimation of the calculated
Effect of Power History on Nuclide Composition
To determine the effect of power history on the nuclide composition, a comparison of the nuclide compositions in the detailed 19) and constant power histories was carried out for sample A. The detailed power history is composed of 12 steps of time in each cycle. On the other hand, the constant power history as a reference case is given in Table 1 . The scheme of both cases is shown in Fig. 6 . The calculation was carried out using SWAT. Table 19 shows the nuclides whose calculated amounts are changed more than 1% in the detailed power history. For 241 Am, the À decay of 241 Pu that is not sensitive to the power history predominantly affected the 241 Am amount during cooling. Similarly, for 155 Gd, the À decay of 155 Eu that is also not sensitive to the power history affected the 155 Gd amount during cooling. Thus, although the amounts of 241 Am and 155 Gd calculated with the detailed power history increased by 1.4 and 3.6% at discharge, respectively, their increased ratios decreased with the contribution of À decay during cooling. The 135 Cs amount is mainly sion yields improved their C/E ratios. In the case of
